Fiber reinforced polymer (FRP) bars have been used to replace steel bars because of their resistance to corrosion, high strength and light weight. While the low elastic modulus of FRP bars results in deflection and crack width requirements that play a control role in the design of concrete beams reinforced with FRP bars. According to previous deflection calculation methods, the loaddeflection curves and moment-curvature response were established by testing five concrete beams under vertical loads. An analytical formula for evaluating the deflection of FRP reinforced concrete beams was deducted based on the assumed bilinear moment-curvature constitutive model. The theoretical results are in good agreement with the experimental results. 1
INTRODUCTION
Typical for FRP materials are their relatively low modulus of elasticity and high tensile strength and linear elastic stress-stain diagram up to rupture with no discernible yield point. As a result, the available methods for predicting the deflection of concrete members reinforced with steel bars were found to underestimate the deflection of concrete beams reinforced with FRP bars [1] . The effective moment of inertia equation provided in ACI-440 [2] code was found to underestimate the deflection of FRP reinforced beams. Hall and Ghali [3] calculated the mid-span deflection of concrete beams reinforced with glass fiber reinforced polymer (GFRP) by integrating the mean curvatures at a number of sections along the member. However, the calculated deflection was higher than the experimental one since this method cannot integrate the curvatures at all sections of the member. In order to further study the deflection calculation methods of FRP reinforced concrete beams, experiments were conducted on simple supported beams reinforced with FRP bars. Then a bilinear momentcurvature constitutive model was established and an approach to calculate the mid-span deflection was presented.
SPECIMEN DETAILS
Five specimen beams were tested in total. There were three beams with a 180 ×250 mm rectangular cross section and a total length of 1900 mm and two beams with a 150×200 mm rectangular cross section and a total length of 1300 mm. The specimen beams were partially reinforced with carbon fiber reinforced polymer (CFRP) and GFRP, respectively. Furthermore, the surface of both CFRP bars and GFRP bars was adhered by sand to enhance the bond capacity. The reinforcement details of specimens are shown in Table I . Figure 1 shows moment-curvature distribution which is drawn according to experimental results. As can be seen from the diagram, the curves exhibit three parts: a steeply rising segment which goes linearly as the entire concrete section remains uncracked, a slightly horizontal segment that can be neglected in order to simplify calculation and a slower increasing segment which is an indication of stiffness degradation. For simplification, a bilinear moment-curvature model is suggested to calculate deflection of FRP reinforced concrete beam, as shown in Figure 2 .
ANALYSIS OF EXPERIMENTAL RESULTS

METHOD FOR CALCULATING DEFLECTION
There are five essential assumptions when calculating deflection based on moment-curvature relationship: ① Parabola-straight line model recommended by specifications in China are adopted to describe uniaxial compressive stressstrain constitutive relationship of concrete. ② Ultimate compressive strain of concrete is 0.0033. ③ The strain distribution of FRP reinforced concrete beams satisfies plane section assumption [4] . ④ There is no slip between FRP bars and the surrounding concrete before ultimate limit states. ⑤ Simplified model of moment-curvature illustrated in Figure 2 is put to use. The beam is divided into two ideal sections named uncracked and cracked segment, as shown in Figure 3 , since the rigidity varies with the change of the section moment. Then, the mid-span deflection can be written as the following form:
For simply supported beam under vertical load at three-dividing point, ; Mu is the ultimate flexural capacity of FRP reinforced beam and can be calculated using the formula given by literature [5] : when the beam exhibits compression failure, and when the beam exhibits tension failure, then
u cu c f = ε x , where xc is the depth of compressive zone, x is the height of equivalent rectangular stress block, and yc is the distance from joint of resultant force in compressive area to neutral axis.  is a correction coefficient and can be taken as 0.9 when reinforced with CFRP bars and 0.8 when reinforced with GFRP bars according to experimental results. Hence, the mid-span deflection of FRP reinforced concrete beams can be estimated from, 
CONCLUSIONS
Two-point bending tests were carried out on simple supported beams reinforced with FRP bars to explore flexural failure mode and approaches to estimate the mid-span deflection. Based on the results of this study, the following conclusions can be summarized:
1. In terms of the experimental results in this research, the bending stiffness of FRP reinforced concrete beams is basically overestimated by the existing design specification, which leads to lower prediction values of deflection, and this is unsafe for the design of the structure.
2. The moment-curvature distribution consists of three parts: a steeply rising segment, a slightly horizontal segment and a slower increasing segment. The curves behave linearly with a steep slope up to cracking, and still linearly after cracking with a visibly reduction in rigidity.
3. The deflections calculated by proposed bilinear moment-curvature model are in good agreement with experimental ones, which demonstrates the accuracy and the application potential of this model.
